The effects of aluminum content on microstructure, ductility and formability of advanced high strength low alloy TRIP (Transformation-Induced Plasticity)-aided ferrous sheet steels with annealed martensite matrix (or TRIP-aided annealed martensitic steel) were investigated in order to realize hot-dip galvanization. Aluminum addition of 0.5-1.0 mass% (and simultaneous silicon removal of the same amount) to a 0.2C-1.5Si-1.5Mn-0.04Al (mass%) steel refined the matrix structure and retained austenite needles and increased carbon concentration of retained austenite. It also brought on an excellent total elongation, stretchflangeability and bendability, although the tensile strength decreased. Optimum austempering temperature for the total elongation increased to 450-475ЊC, due to the increased carbon concentration of retained austenite. On the other hand, optimum austempering temperatures for the stretch-flangeability and bendability were maintained at 350-400ЊC, mainly due to uniform fine lath matrix and retained austenite needles. If only large total elongation is required for the TRIP-aided steel, it is expected that hot-dip galvanizing immediately after continuous intercritical annealing can be realized.
Introduction
The transformation-induced plasticity (TRIP) 1) of retained austenite is very useful in improving the formability of high strength low alloy sheet steel. So, many TRIP-aided ferrous steels with different matrix structures were developed for automotive applications. If galvanizing is required prior to forming, a high austempering temperature of about 460ЊC is required in the TRIP-aided steel. Furthermore, CMn-Si TRIP-aided steels containing silicon of about 1.5 mass% are disliked in Europe and USA because silicon deteriorates the galvanizability by forming silicon oxide film on the sheet surface. Aluminum addition to these steels brings on higher carbon concentration of retained austenite than silicon addition 2, 3) without a decline of the galvanizability, 3) although its solid solution hardening is lower than that of silicon. Thus, some researchers [2] [3] [4] [5] investigated the effects of aluminum addition on microstructure, strain-induced transformation behavior, ductility and formability of low alloy TRIP-aided steel with polygonal ferrite matrix (called PF steel).
According to previous research, [6] [7] [8] ductility and/or formability of the low alloy TRIP-aided steels considerably increased when the matrix structure of polygonal ferrite was resplaced by annealed martensite structure. In particular, the reduction of area and stretch-flangability was improved in the TRIP-aided steel with annealed martensite matrix (called AM steel). However, there is no work examining the effects of aluminum addition on ductility and formability of AM steel.
So, to realize hot-dip galvanization the effects of austempering temperature on ductility (total elongation and reduction of area) and formability (bendability and stretchflangeability), as well as retained austenite characteristics, of AM steels with different aluminum content were investigated in this study.
Experimental Procedure
In this study, three low alloy steels with different aluminum contents were prepared as vacuum-melted 30 kg ingots followed by hot forging to produce 30 mm thick slabs. The chemical compositions are shown in Table 1 . The total content of silicon and aluminum was kept constant; AlϩSiϭ1.5 mass%. The slabs were reheated to 1 200°C and hot-rolled to a thickness of 3.2 mm, finishing at 850°C and then air cooled to room temperature. After cold rolling to 1.2 mm thickness, a two stage heat-treatment was carried out in salt bath. First, the steels were quenched after austenitizing at 1 000°C to obtain martensite single structure. Subsequently, intercritical annealing at 780°C and successive austempering at T A ϭ325-525°C for 100 s was per-formed. The heat-treatment diagram is illustrated in Fig. 1 . For comparison, PF steels were also prepared. In this case, austempering time of 1 000 s was adopted.
LePera etching 9) was used to distinguish each constituent of the steels. The amount of retained austenite was quantified by X-ray diffractometry using Mo-Ka radiation. To minimize the effect of texture, the volume fraction of retained austenite was quantified on the basis of the integrated intensity of (200)a, (211)a, (200)g, (220)g and (311)g diffraction peaks.
10) The retained austenite lattice constant (a g ) was measured from (200)g, (220)g and (311)g diffraction peaks using Cu-Ka radiation on the electrochemically polished surface with a negligible internal stress. Substituting the measured a g value (ϫ10 Ϫ1 nm) into the following equation, 11) carbon concentration of the retained austenite (C g , mass%) was calculated. (1) where Mn g , Si g Al g and N g represent manganese, silicon, aluminum and nitrogen contents (mass%) in retained austenite, respectively. In this study, Mn g was assumed to be 1.5 times manganese content of steel. 12, 13) Al g was assumed to be equal to added content because its difference in partitioning between ferrite and austenite is relatively small in the same manner as silicon.
3) And, nitrogen content was adopted as N g because its concentration is a little bit.
Tensile specimens of 50 mm length, 12.5 mm width and 1.2 mm thickness were machined parallel to the rolling direction. Tensile tests were carried out on an Instron type of testing machine at 25°C and at a cross head speed of 1 mm/min. Displacement during tensile testing was accurately measured using a strain gage and strain-gage type of extensometer.
Conventional bending test was conducted using rectangular specimens of 100 mm length and 50 mm width. The bendability was estimated by minimum bending radius without cracking. For obtaining hole-expanding ratio, holepunching and subsequent hole-expanding tests were conducted using disc specimens of 50 mm diameter and 1.2 mm thickness and a graphite type lubricant. First, a hole of 4.76 mm diameter was punched out at 25°C at a punching rate of 10 mm/min, with a clearance of 10 % between die and punch. The successive hole-expanding test was performed at 25°C at a cross head speed of 1 mm/min. The hole-expanding ratio (l) was determined from the following equation: Figure 2 shows variations in initial volume fraction ( f g0 ), initial carbon concentration (C g0 ) and initial total carbon concentration ( f g0 ϫC g0 ) of retained austenite as a function of austempering temperature (T A ) in AM and PF steels. It is found in AM steels that aluminum addition decreases the volume fraction of retained austenite, but increases its carbon concentration. Resultantly, the total carbon concentration is just slightly increased by aluminum addition. In addition, optimum austempering temperature for maximum volume fraction is elevated to 450-500°C by aluminum addition, which is about 100°C higher than that of PF steel. In PF steel, a similar tendency appears, but retained austenite disappears at austempering temperatures above 450°C.
Results

Microstructure and Retained Austenite Characteristics
Figures 3 and 4 show optical micrographs of longitudinal cross sections of AM and PF steels etched by RePera's regent, respectively. Microstructure of the AM steels main- Table 1 . Chemical composition of steels used (mass%). ly consists of annealed martensite matrix and interlath retained austenite needles even when austempered at 500°C, although a small amount of large blocky retained austenite (arrows in Fig. 3 ) coexists with the needles. When aluminum content is increased, annealed martensite lath size and needle size of retained austenite, as well as prior austenitic grain size, seem to decrease. Any variation in dislocation density in the lath matrix was not detected by transmission electron microscope observation. Note that there is no band structure in the AM steels. On the other hand, in PF steels aluminum addition hardly seems to influence the above mentioned microstructural characteristics, except for volume fraction of retained austenite or second phase. Figure 5 shows typical nominal stress-strain curves of AM and PF steels. And, Fig. 6 shows variations in yield stress (YS), tensile strength (TS) and yield ratio (YR) as a function of austempering temperature of AM and PF steels. In AM steel, aluminum addition of 0.5-1.0 mass% accompanied with silicon removal of 1.0-0.5 mass% brings on a small decrease in yield stress and a large decrease in tensile strength (about 150 MPa) due to decreased strain-hardening rate. The resultant yield ratio increases with increasing aluminum content. A similar result is also obtained in PF steels. Figure 7 shows variations in reduction of area (RA), total elongation (TEl) and strength-elongation balance (TSϫ TEl) as a function of austempering temperature (T A ) in AM and PF steels. In AM steels, aluminum addition of 0.5-1.0 mass% enhances total elongation, and optimum austempering temperature is raised to T P ϭ450-475°C which is about 100°C higher than that of 0Al-AM steel. However, maximum value of the strength-elongation balance is hardly influenced by aluminum addition because of the decreased tensile strength. A similar tendency does not appear for total elongation of PF steels. The reduction of area, however, is enhanced by aluminum addition of 0.5 or 1.0 mass%. Figure 8 shows variations in minimum bending radius (R min ), hole-expanding ratio (l) and strength-stretch flangeability balance (TSϫl) as a function of austempering temperature in AM and PF steels. Aluminum addition of 0.5 or 1.0 mass% decreases the minimum bending radius and resultantly extends the optimum austempering temperature; from T P =375-425°C to 325-425°C in AM steel and from T P =350-375°C to 350-400°C in PF steel. Moreover, aluminum addition increases the hole-expanding ratio in both the steels, although the optimum austempering temperature (T P ϭ350-400°C) for hole-expansion is not influenced by aluminum addition. The strength-stretch-flangeability balance and the optimum austempering temperatures of both steels do not depend on aluminum addition because of the decreased tensile strength. Figure 9 shows variations in k value as a function of austempering temperature in AM and PF steels. k value is the retained austenite stability factor and is defined by the following equation. 
Tensile Properties
Formability
Strain-induced Transformation Behavior of Retained Austenite
....(3)
where the f g0 and f g are volume fractions of retained austenite before and after straining, respectively, and e represents plastic tensile strain. From Fig. 9 , it is found that aluminum addition contributes to a decrease in k value or an increase in the retained austenite stability against strain-induced transformation in both AM and PF steels, although austempering temperatures of minimum k value (400°C for AM steel, 375°C for PF steel) are not influenced by aluminum addition. It is noteworthy that the above austempering temperatures agree well with those of the highest carbon concentration of retained austenite (Fig. 2) , as reported in previous research. 6) 4. Discussion
Retained Austenite Characteristics
In the present study, aluminum addition to AM steels enhanced the carbon concentration of retained austenite, with a decrease in its volume fraction, as shown in Fig. 2 . In addition, the optimum austempering temperature was raised up to 450-500°C by aluminum addition of 0.5 mass%. These results are discussed below.
In general, carbon concentration of retained austenite in carbide-free bainitic steel agrees with carbon concentration in austenite at T 0 temperature at which austenite and ferrite of the same chemical composition have identical free energies.
15) The T 0 lines of Fe-C-(0.5-1.5)Si-1.5Mn-(1.0-0.04) Al systems computed using Thermo-Calc 16) are shown in Fig. 10 , in which measured carbon concentrations are also plotted. It is found in the figure that aluminum addition actually raises the T 0 temperature, in the same way as A c3 temperature. In addition, the measured carbon concentrations of AM steel follow the T 0 lines in an austempering range between T A ϭ375°C and 500°C, although those of PF steel are far lower than the T 0 lines, especially at austempering temperatures above 450°C. It is supposed that this carbon-enrichment due to aluminum addition brings on higher optimum austempering temperature for maximum volume fraction of retained austenite, in AM steel. According to Plichta and Aaronson, 17) aluminum addition promotes austenite nucleation along martensite lath boundary during intercritical annealing and maintains annealed martensite lath structure, similar to silicon addition. This also contributes to highly carbon-enriched retained austenite needles. From Figs. 2(c) and 9(a) , it is evident that austempering temperature and aluminum content dependencies of carbon concentration of retained austenite correspond to those of the k value. This indicates that the higher carbon the concentration of retained austenite, the higher the stability of retained austenite against the strain-induced transformation. Figure 2(b) shows that aluminum addition did not elevate the optimum austempering temperature for volume fraction of retained austenite in the PF steel. From Figs. 2 and 10 , it seems that the critical carbon concentration at which a large amount of austenite is retained is about 0.7 mass% in AM steels. So, it is considered that relatively low carbon concentration, especially when austempered above 450°C , disturbs an increase in optimum tempering temperature by aluminum addition in PF steel. Figure 3 shows that aluminum addition of 0.5 mass% refined prior austenite grains and retained austenite needles. This may be caused by the increase in Al 2 O 3 particles suppressing the prior austenite grain growth.
Optimum Austempering Temperature for Total
Elongation In this study, optimum austempering temperatures for total elongation were elevated to 450-475°C by aluminum addition of 0.5 or 1.0 mass%, with an increase in total elongation. Generally, total elongation of AM steel is related with retained austenite characteristics. 8) Comparison of Figs. 2(a) and 7(c) shows that austempering temperature dependence of total elongation agrees well with that of retained austenite content. So, the above mentioned elevated optimum austempering temperature may be caused by the increased volume fraction of retained austenite. Aluminum addition increased carbon concentration of retained austenite (Fig. 2(c) ) or retained austenite stability ( Fig. 9(a) ), particularly when austempered at high temperatures. This may also have brought about large total elongation at high austempering temperatures of 450-475°C because straininduced transformation of retained austenite to martensite effectively occurred in a large strain range and retarded a diffuse necking. In this case, decreased flow stress due to aluminum addition (with simultaneous silicon removal of the same amount) is also considered to contribute to suppress the diffuse necking.
It is well known that the conventional low alloy TRIPaided steels with polygonal ferrite matrix is hard to galvanize because most of the retained austenite phase transforms to martensite during cooling after austempering at 460°C 14) and silicon oxide films are built up on the surface. 18) As mentioned above, in aluminum bearing AM steels a large amount of retained austenite and large total elongation are maintained even when austempered at 460°C. Fortunately, this may help to realize hot-dip galvanization at about 460°C (for 15 s) just after continuous intercritical annealing. Fig. 8(c) , the stretch-flangeability of AM steels became maximum when austempered at 350-400°C. This is true for the strength-stretch-flangeability balance, as well. Moreover, this tendency was not also influenced by the aluminum content. According to a previous study, 8) the stretch-flangeability of AM steel is related with retained austenite characteristics and lath structure size of matrix. So, correlations between the strength-stretch-flangeability balances and retained austenite characteristics were plotted in Fig. 11 . From this figure, it is found that the strength-stretch-flangability balance gets linearly enhanced with increasing volume fraction and carbon concentration of retained austenite. It is noteworthy that AM steels austempered at temperatures between 350°C and 400°C possessed relatively large strength-stretch-flangeability balance, as seen in the shaded portion in figure. When AM steels austempered at temperatures less than 400°C were punched to make a hole, it was observed that the surface damage of punched hole was minimized, similar to the observation of a previous research. 19) If retained austenite is relatively stable, strain-induced martensite formation on punching is suppressed and most of the retained austenite is left to increase hole-expanding ratio on hole-expanding. So, uniform fine structure (fine lath structure matrix and retained austenite needles) and stable retained austenite given by low temperature austempering suppress the punching surface damage and resultantly increase the stretch-flangeability. The contribution of size of structure and carbon concentration (stability) of retained austenite toward the stretch-flangeability is illustrated in Fig. 12 . Figure 8(d) shows that the stretch-flangeability of PF steels increased when austempered at 475°C. In this steel any retained austenite or fresh martensite was not observed by SEM microscopy. However, carbides (cementites) was found to be present. So, it is estimated that such a microstructual change resulted in the increased stretch-flangeability. 
Optimum Austempering Temperatures for Stretchflangeability As shown in
Summary
(1) In 0.2C-1.5Si-1.5Mn (mass%) TRIP-aided annealed martensite steel, aluminum addition of 0.5-1.0 mass% and silicon removal of the same amount increased carbon concentration or stability of retained austenite, particularly when austempered at high austempering temperatures of 450-500°C. Aluminum addition also contributed to refining of the matrix of lath structure and retained austenite needles, but at the same time lowered volume fraction of retained austenite.
(2) Aluminum addition improved total elongation, bendability and stretch-flangeability, but decreased the tensile strength. The improved ductility and formability were principally owing to uniform fine microstructure and/or a large amount of carbon-enriched retained austenite needles. In addition, it increased optimum austempering temperature for total elongation up to 450-475°C, far higher than that (375-400°C) of conventional TRIP-aided steels with polygonal ferrite matrix, although optimum austempering temperature (350-400°C) for stretch-bendability was not influenced by aluminum addition.
